Abstract -Genetic analysis for mastitis resistance was studied from two data sets. Firstly, risk factors for different mastitis traits, i.e. culling due to clinical or chronic mastitis and subclinical mastitis predicted from somatic cell count (SCC), were explored using data from 957 first lactation Lacaune ewes of an experimental INRA flock composed of two divergent lines for milk yield. Secondly, genetic parameters for SCC were estimated from 5 272 first lactation Lacaune ewes recorded among 38 flocks, using an animal model. In the experimental flock, the frequency of culling due to clinical mastitis (5%) was lower than that of subclinical mastitis (10%) predicted from SCC. Predicted subclinical mastitis was unfavourably associated with the milk yield level. Such an antagonism was not detected for clinical mastitis, which could result, to some extent, from its low frequency or from the limited amount of data. In practice, however, selection for mastitis resistance could be limited in a first approach to selection against subclinical mastitis using SCC. The heritability estimate of SCC was 0.15 for the lactation mean trait and varied from 0.04 to 0.12 from the first to the fifth test-day. The genetic correlation between lactation SCC and milk yield was slightly positive (0.15) but showed a strong evolution during lactation, i.e. from favourable ( 0.48) to antagonistic (0.27). On a lactation basis, our results suggest that selection for mastitis resistance based on SCC is feasible. Patterns for genetic parameters within first lactation, however, require further confirmation and investigation.
INTRODUCTION
In France, dairy sheep selection has been oriented towards milk yield, milk composition, and type traits. Little attention has been given to functional traits such as udder health. The economic importance of these functional traits, however, has increased rapidly in the last five years.
Mastitis is one of the main causes of culling of dairy ewes. Economic consequences of mastitis, either clinical or subclinical, include loss of milk production, alteration of cheese-making properties [30] , increased culling rate, and increased cost and labour for detection and veterinary treatment. Furthermore, a high somatic cell count (SCC) in milk may reduce the price of milk for the farmer by more than 10% in the payment system implemented in the Roquefort area since 1997.
From the abundant literature data on dairy cattle [18, 27, 33 ], it appears that (i) SCC and clinical mastitis (CM) cannot be considered as the expression of the same trait, since their genetic correlation is around 0.7, (ii) selecting for SCC rather than for CM has several advantages: SCC is routinely recorded in most dairy cattle recording systems contrary to CM events (except in Scandinavian countries) and SCC has a higher heritability than CM (0.15 vs. 0.02), (iii) unfavourable genetic correlations between milk production and both SCC and CM have been reported, indicating that dairy selection should have reduced mastitis resistance in dairy cattle, and (iv) selection for decreased SCC should reduce susceptibility to both clinical and subclinical mastitis, but adding CM information would increase the efficiency of selection for udder health, and particularly for CM [13, 24] .
Conversely, genetic literature is limited for dairy sheep [6, 16, 17, 26] and not always in agreement with dairy cattle results. Intramammary infections in dairy sheep mainly differ from bovine infections by their etiology and by a lower incidence of clinical mastitis versus subclinical mastitis [8] . In both species, coagulase-negative staphylococci are usually the most frequently isolated germs in subclinical mastitis. They are, however, considered as minor pathogens in cattle, whereas, in dairy sheep, they are responsible for most cases of mastitis caught in milking parlours and consequently appear to be major pathogens in this species [7, 9, 14, 15, 25, 36] .
The objective of this study was to carry out a genetic analysis for mastitis resistance in the French Lacaune breed to contribute towards defining a breeding strategy for udder health in dairy sheep. Firstly, a risk factor analysis was performed using data from an experimental flock. Secondly, genetic parameters for somatic cell counts were estimated from on-farm data.
MATERIALS AND METHODS

Data
The data included records from first lactation Lacaune ewes collected, on the one hand, from an experimental INRA flock (La Fage, Roquefort) from 1992 to 1997, and on the other hand, from 38 official milk-recorded flocks from 1993 to 1997. The study was focused on the first lactation because these results are more informative and easier to interpret. Indeed, udders may be considered as uninfected before the first lambing whereas the udder status of adult ewes is much more dependent on strategies for culling and possible treatment at drying off.
The edited file from the experimental flock included 957 first lactation ewes belonging to two divergent lines, denoted High and Low. The lines had been selected for dry matter yield (fat and protein) since 1989, each year using the 10-20 top-ranked and bottom-ranked rams among 600 artificial insemination rams of the Lacaune breeding programme described by Barillet [3] to procreate 4-5 daughters per sire in the INRA experimental flock. In that way, the design corresponds to a pseudo-divergent selection of lines opened on the on-farm breeding programme. Consequently, the genetic difference between the two lines is limited to the difference in the estimated breeding value (EBV) between the two groups of sires (Tab. I): the EBVs are comparable for fat and protein content, while the divergence in milk yield is about 61.5 L, i.e. almost two genetic standard deviations or 10 years of the estimated genetic trend in the French Lacaune breed evaluation [5] . In the experimental flock, individual SCCs were recorded every 2 or 3 weeks, at evening and morning milkings, as part of the milk recording. Daily SCCs were computed as the mean of evening and morning records. Dates and causes of culling (including clinical mastitis) were also routinely recorded by farm technicians. In addition, udder abnormalities were detected by mammary palpation carried out at the end of lactation.
The on-farm data included 5 272 first lactation ewes from 38 flocks of the nucleus scheme where SCC was experimentally recorded with the financial support of a French and a European research contract. Ewes were recorded monthly using the AC method [21] after a 25-day suckling period. This method means that individual daily milk yield is estimated from individual morning recordings adjusted with the bulk tank milk of the 2 daily milkings [19] . Fat, protein, and SCC were measured from a sample of the morning milking [2] . The characteristics of the two data sets are presented in Tables II and III. 
Definition of traits
Two traits pertaining to mastitis were considered. In the experimental flock, ewes affected by clinical mastitis (modification of the colour or consistency of the milk; hot, swollen or painful udder) were systematically culled shortly after disease occurrence. In addition, ewes showing udder abnormalities at mammary palpation were also culled. These abnormalities mostly included the drying off of one half-udder (> 70%), but also nodules, induration and a marked imbalance of the mammary gland. All such observations can be related to chronic mastitis [8] . To process this information, the binary variable CCMAST was defined as culling for either clinical or chronic mastitis (= 1) or no such culling (= 0). Since disease events were not recorded in the 38 official milk-recorded flocks, CCMAST was not defined in the on-farm data set. Additionally, monthly SCC records were used to predict the mastitis status (SUBMAST) of each first lactation ewe. As proposed by Bergonnier et al. [7] , a ewe with all test-day SCC below 500 000 cells · mL 1 (except one) was considered as "healthy" (SUBMAST=0), a ewe with at least two test-day SCC above 1 000 000 cells · mL 1 was considered as "infected" (SUBMAST = 1), and, in other cases, ewes were classified as "doubtful" (SUBMAST = 2). Among the "infected" ewes, 6.6% were culled for chronic mastitis (CCMAST = 1), but 93.4% did not show visible signs of the disease. Conversely, none of the ewes culled for clinical mastitis were predicted as "infected" by SUBMAST. Indeed, culling for clinical mastitis occurred very early in lactation, mostly before the first test-day record. Therefore, SUBMAST mainly reflected subclinical infections, and, to a lower extent (< 7%), chronic mastitis.
For both data sets, a cell count lactation mean (LSCS) was computed as the arithmetic mean of test-day somatic cell score (SCS), adjusted for days in milk as proposed by Wiggans and Shook [39] , and recorded from day in milk (DIM) 25, i.e. the end of the suckling period, until the end of the first lactation. Only ewes with all (except one) test-day SCC below 500 000 cells · mL 1 , i.e. "healthy" according to Bergonnier et al. [7] , were taken into account to estimate adjustment factors. Because SCC has a highly skewed distribution, SCS was defined in a classical way [1] through a logarithmic transformation: SCS = log 2 (SCC/100 000) + 3. Lactation mean SCS was also computed for restricted lactation lengths (2 to 4 records): from DIM 25, 56 or 86 until the end of the lactation, and from DIM 25, 56 or 86 unitl DIM 145.
For the on-farm data set, five additional SCC traits were defined in the first lactation, based on single test-day SCS, according to DIM at test-day: 25-54 (SCS1), 55-84 (SCS2), 85-114 (SCS3), and 115-144 (SCS4), and 145-174 (SCS5). Generally, only one record per animal was available for each testday since the on-farm recording frequency is about once a month. When two records were available per ewe and per DIM interval, only the first one was kept.
Finally, production traits were considered in the on-farm data set. As for SCC, lactation means were computed for milk yield, fat content and protein content (DIM 25 until the end of the first lactation) and production traits were also considered at the test-day level (five traits defined according to DIM in the first lactation).
Methods
Risk factors for mastitis traits (experimental flock data)
Analyses of risk factors for mastitis traits (CCMAST and SUBMAST) were based on logistic regression models, using the CATMOD procedure [35] . For the SUBMAST trait, the dependent variable analysed was restricted to two levels: "infected" versus "doubtful or healthy". The fixed effects included in the models, i.e. potential risk factors for mastitis traits, were line (High or Low), number of suckled lambs (1 vs. 2 or more), year of lambing (1992 to 1997) and period of lambing (early vs. late). Early lambing corresponded to lambing in January after AI fertilisation upon induced oestrus, whereas late lambing took place in February or March and corresponded to natural fertilisation after return to oestrus.
The overall significance of each effect in the models was assessed by a Wald test. This statistic takes the form of a squared ratio of an estimate to its standard error and asymptotically follows an approximate chi-square distribution with one degree of freedom. Odds ratio (OR) and OR 95% confidence intervals were computed according to Lemeshow and Hosmer [23] . OR measures how much more (or less) likely the outcome is among observations with a given level of a risk factor, compared with those with a reference level of the risk factor. For the four analysed effects, reference levels were High Line, one suckled lamb, early lambing, and lambing in 1994, respectively.
Estimation of genetic parameters for SCC (on-farm data)
The genetic parameters for the different SCC traits and the genetic correlation between SCC traits and production traits were estimated from the on-farm data set (5 272 first lactation ewes). Variance components were estimated by REML applied to multivariate animal models, using the VCE package [29] . For all traits, with 5 to 6 being analysed simultaneously, an animal model was used, and all ewes were included, whether they had records or not.
In a first analysis, the linear model describing complete and partial lactation traits for SCS, milk yield, fat and protein content was: (1) where: In the second analysis, the five single test-day traits (1 to 5) defined according to DIM, for SCS, and the three production traits were considered as different traits in a multiple trait test-day model approach. The (flock × year) effect used in model (1) was replaced by a (flock × test-day) effect that allows to take into account short-time environmental variations. The model also included the effect of DIM of the record, and was: (2) where: In the third analysis, a repeatability model was performed. Test-day records of SCS, milk yield, fat and protein content between DIM 25 and 175 were assumed to be a repetition of the same trait. The repeatability model used was: (3) where: = random permanent environmental effect; a n = random genetic effect of animal n; e ijklmn = random residual effect
Two generations of ancestors were traced for the relationship matrix and the total number of animals was 13 819.
RESULTS
Basic statistics
Basic statistics are presented in Table II . The arithmetic mean of SCC was slightly lower for the experimental flock data (316 000) than for the on-farm data (374 300), and the distribution of SUBMAST levels showed a comparable proportion of "infected" ewes (around 10%).
From the on-farm data set, it can be pointed out that predicted "infected ewes" increased from 2.6% at test-day 2 to 5.4% and 9.2% on test-days 3 and 4, which results, to some extent, from the definition of SUBMAST (at least two test-day SCCs above 1 000 000 cells · mL 1 ). SUBMAST may be predicted for 90% of the "infected" ewes on the fourth test-day at about 120 days in milk. This trend was in agreement with the increase of SCS from the first to the fifth test-day, i.e. from 3.08 to 3.43 (Tab. III).
In the experimental flock, the first cause of culling from 1992 to 1997 was low milk production, with an average culling rate of 13%. The second cause of culling was related to udder health: 5.3% of ewes in first lactation were culled (Tab. II) for either clinical or chronic mastitis (CCMAST). The clinical mastitis cases were followed either by rapid death or culling of the diseased animal. They occurred early in lactation, between lambing and the second month of lactation, and on average on day 32 after lambing (Tab. II). Chronic mastitis was detected by mammary palpation at mid-or late lactation. However, affected ewes were allowed to complete their lactation normally and were culled at a slightly anticipated dry-off at DIM 129 on average (Tab. II). Frequency of culling for clinical or chronic mastitis increased from 3.6% and 1.7%, respectively, in the first lactation, to 3.9% and 4.3%, respectively, in the third lactation (data not shown).
Risk factors for mastitis traits (experimental flock data)
Results of logistic regression analyses, investigating risk factors for CCMAST and SUBMAST mastitis traits, are presented in Table IV . The effect of the number of suckled lambs was not significant (P > 0.30) for any of the two traits. Risk factors identified for CCMAST were different from those identified for SUBMAST. The only highly significant effect on CCMAST was the period of lambing, and the risk of culling for mastitis increased for late lambings (P < 0.0001; OR = 4.25). There was no significant difference between the two divergent lines (P = 0.69). On the contrary, for SUBMAST, there was a significant decrease of predicted "infected" ewes for the Low Line, when compared with the High line (P = 0.03; OR = 0.58), showing a genetic antagonism between milk yield and subclinical mastitis resistance. The effect of year of lambing showed higher risks for both CCMAST and SUBMAST from 1995 to 1997 when compared with 1994, but was significant only for SUBMAST.
Genetic parameters for SCC and production traits (on-farm data)
Heritabilities
The heritability of adjusted annual LSCS was rather moderate (0.15) and lower than that of lactation milk yield (0.34), fat (0.50), and protein (0.63) content (Tab. V).
Heritability estimates for single test-day SCS, considered as different traits according to DIM, were lower than the estimate for the lactation average (Tab. V). Heritabilities of SCS were especially low at the beginning of lactation (0.04 and 0.05, for test-days 1 and 2, respectively) and increased for test-days 3 to 5 (0.09 to 0.12). The phenotypic standard deviation of test-day SCS was stable over DIM (Tab. VI). Thus the increase of SCS heritability with DIM reflected the doubling of the genetic standard deviation, from 0.33 to 0.60 SCS units between the first and the fourth test-day (Tab. VI) as well as the small decrease in the environmental standard deviation. The corresponding trends for single test-day production traits (Tab. V) showed an increase in heritability for fat content with DIM, little changes for protein content and maximum heritability on test-day 2 for milk yield (if we exclude the fifth test-day owing to the lack of data).
Heritability estimates of test-day SCS from the repeatability model was 0.08 (Tab. V). The corresponding phenotypic standard deviations (1.73) were very close to the values estimated from the multitrait approach while genetic standard deviation (0.49) was similar to the value estimated for the lactation average (LSCS) (Tab. VI). Furthermore, the repeatability estimate (not shown) of SCS was 0.36, comparable to that of fat content (0.34) and smaller than that of protein content (0.48) and milk yield (0.60).
Heritability estimates of partial lactation SCS traits (Tab. VII) were comparable to the estimate of the complete lactation mean (0.15) and ranged from 0.12 to 0.15 depending on the partial lactation considered.
Genetic and environmental correlations
The genetic correlation between lactation SCS and lactation milk yield (Tab. V) was slightly positive (0.11), reflecting a moderate genetic antagonism between the two traits. However, a strong evolution of the genetic correlation between milk yield and SCS during lactation was observed. This correlation 
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The definition of the Milk Yield trait is the same as that considered for the second trait (Fat or Protein Content, or Somatic Cell Score). Repeatability model for all test-days from DIM 25 to 174. was favourable on the first test-day (−0.48), low for test-days 2 to 3 (−0.07), and became antagonistic (0.11 to 0.27) from the fourth test-day onwards, i.e. after DIM 115 (Tab. V). This trend was confirmed by estimates of genetic correlation between lactation milk yield and test-day SCS, ranging from −0.54 to 0.31 (Tab. V).When the repeatability model was used (Tab. V), the estimated genetic correlation between milk yield and SCS was close to zero (−0.04).
As expected, a clear antagonism was always observed between milk yield and fat or protein content, at test-day or lactation level (Tab. V).
Conversely to genetic correlation, the environmental correlations between SCS and milk yield (Tabs. V and VII) were always negative (−0.13 to −0. 39) showing the unfavourable effect of subclinical mastitis on milk yield .
The genetic correlation between the first four single test-day SCS (Tab. VIII) was very high (> 0.92). The fifth test-day SCSs were less correlated to the others, and the genetic correlation ranged from 0.74 to 0.81.
DISCUSSION
In the experimental INRA Lacaune flock, the frequency of culling for clinical and chronic mastitis over a 6-year period was around 5% in the first lactation, which is in agreement with other reports [8, 22] . This frequency was clearly lower than the predicted frequency of mastitis based on SCC, which was equal to 10.4%, and corresponded, excluding detected chronic cases, to 9.7% of fully subclinical infections. This value was comparable with estimates obtained in other Lacaune flocks with the same SCC levels [22] . Thus intramammary infections in dairy sheep are characterised by a lower incidence of clinical mastitis than in dairy cattle, reported to be between 20% and 40% [20, 27, 33] .
Additionally, conversely to the risk of subclinical infection, no significant difference in the risk of culling for clinical or chronic mastitis was found between the two divergent lines selected for milk yield in the experimental INRA flock. These results suggest that selection for production traits in ewes may not have been accompanied by a substantial increase of clinical and chronic mastitis occurrence as reported for dairy cattle [13, 38] . However, given the low frequency of clinical mastitis, its heritability which is probably very low according to cattle literature [28, 33] , and the limited amount of data, further investigations would be necessary to confirm this trend.
In practice, improving udder health in dairy ewes would make it possible to focus, at least for the moment, on selection against subclinical mastitis using somatic cell counts. Indeed, subclinical infections appear as the main udder pathology. Moreover, no on-farm recording of clinical cases is available for dairy sheep and this is probably difficult to promote on a large scale due to the rather low incidence of such cases.
Using different models, we estimated genetic parameters of SCC as well as relationships with production traits. Genetic parameters of production traits were consistent with sheep literature [3, 4, 34] . The heritability estimate of lactation mean SCS of 0.15 was in agreement with the only available value of 0.12 estimated in ewes [17] and with the average value of 0.15 provided by more recent studies in dairy cattle [10, 27, 33] . The genetic correlation between lactation SCS and milk yield in first lactation was slightly positive (0.11), in agreement with results from dairy cattle data [10, 27, 33] . El Saied et al. [17] , however, found a negative and favourable genetic correlation (−0.15) between lactation SCC and milk yield in the ovine Churra breed. This discrepancy could be due to differences in modelling and in the nature of SCC data analysed. Indeed, the latter authors included information from all parities, over a rather short lactation period (2.7 test-day records per lactation), using a repeatability model for the lactation mean. The slightly unfavourable genetic relationship between SCC and milk yield found in our study was in agreement with the results of the experimental flock. Indeed, there was a significant difference in the risk of being predicted as infected (according to SUBMAST using SCC) between the two divergent lines selected for production in the experimental flock.
Consequently, the results obtained on a lactation basis were very similar to the abundant information available on dairy cattle. Therefore, similarly, the conclusion can be drawn that selection for mastitis resistance via somatic cell counts is feasible, justifying the inclusion of the lactation SCC trait in breeding programmes. One limiting problem is that an exhaustive monthly recording of SCC is not available on a large scale in French dairy sheep. A generalised simplified method of SCC sampling, however, has been implemented since 1999, as for fat and protein content data [2] , in order to obtain a large number of recorded animals at a reduced cost. Since genetic parameters for SCC were similar for partial and for total lactation length periods, the use of means of only 2 or 3 test-day SCC per lactation between the four first test-days in genetic evaluation procedures should also be valid.
The evolution of the genetic determinism of SCC during lactation and its relationship with production, however, is less consistent throughout literature on sheep and cattle. Heritability estimates increased with day in milk from 0.04 to 0.12 and was especially low for the first two records, resulting in a strong increase in genetic variance at the end of the lactation. Similarly, in sheep, Baro et al. [6] , estimated very low heritabilities for SCS measured during the first (0.01) and second month (0.05), and a higher value for SCS measured during the third month (0.11). In dairy cattle, comparable studies [11, 12, 28, 31, 32] reported a generally smaller increase in heritability with DIM (ranging from 0.08 to 0.14) with higher values in the first months of the lactation.
Moreover, a strong evolution of the genetic relationship between SCC and milk yield was observed during the first lactation. Comparable analyses available in dairy cattle show opposite trends. Indeed, Carnier et al. [11] , Reents et al. [31] and Rupp [32] , indicate antagonistic genetic correlations between SCC and milk yield at the beginning of lactation, which tend to be weaker at the end of lactation. Thus, comparable results on a lactation basis for cows and sheep, i.e. little antagonism, reflect different evolutionary trends through lactation.
Differences in the etiology of infections but also in management systems according to species, such as the suckling period specific to dairy sheep, may explain, to some extent, differences in genetic parameters (heritabilities, genetic correlations). The effect of suckling on udder health is an ongoing research topic on dairy sheep, since it could be protective against mastitis (unpublished results). Our results should be confirmed because of rather spare and inconsistent data on the genetic correlation between milk yield and SCC, and further investigations within and across lactations are required.
CONCLUSION
According to the low clinical mastitis frequency, selection for mastitis resistance in dairy sheep could, at the moment, be limited to selection against subclinical mastitis. Such selection may be achieved using the indirect SCC trait since genetic parameters were similar to dairy cattle estimates on a lactation basis.
Results, however, showed a strong evolution of the genetic determinism of SCC and of the genetic relationship between SCC and milk yield (from favourable to antagonistic) during the first lactation. Further within-and acrosslactation analyses are necessary to validate these results which differ from dairy cattle literature. If this is confirmed, replacing an SCC genetic evaluation based on a lactation approach, by a test-day approach could be justified in dairy sheep.
